Summary. DNAs from 16 species of archaebacteria including 6 novel isolates were hybridized with 16S rRNAs from 7 species representing different orders or groups of the urkingdom of archaebacteria.
Introduction
Three novel extremely themophilic, anaerobic, sulfur respiring types of organisms isolated from Icelandic Solfataras, represented by 1. the genus Thermoproteus, 2. the related "stiff filaments" (both Zillig et al. 1981a) and 3. the genus Desulfurococcus (Zillig et al. 1981b ), have been recognized as archaebacteria (Woese et al. 1978; Fox et al. 1980) . The component patterns of the DNA dependent RNA polymerases of Thermoproteus and Desulfurococcus (Zillig et al. 1981c ) and the comparison of the T1-RNAase oligonucleotide catalogs of the 16S rRNAs (Fox et al. 1977 ) from Thermoproteus and Sulfolobus (E. Stackebrandt, C.R. Woese and W. Zilfig, unpublished) yield evidence for a relation between the novel thermoacidophiles and Sulfolobus (Brock et al. 1972 ) though their exact taxonomic position within the urkingdom of the archaebacteria and their relation with each other remain to be examined.
As indicated by the nature of its envelope and by its T1-RNAase oligonucleotide catalog, the extremely thermophilic methanogen Methanothermus fervidus, also isolated from an Icelandic hot spring (Stetter et al. 1981 ) is related to Methanobacterium. Its DNA dependent RNA polymerase shows however no immunochemical cross reaction with an antibody against the enzyme from Methanobacterium. Therefore, an independent determination of the phylogenetic distance between Methanothermus and Methanobacterium appeared instructive.
The taxonomic positions of two novel methanogens, SN1 and M3, isolated from Italian sources are yet undetermined.
The method applied in establishing the urkingdom of the archaebacteria, comparative cataloging of 16S rRNA sequences (Fox et al. 1977) , would require the determination of 6 new oligonucleotide catalogues.
0022-2844/82/0018/0109/$ 01.20 110   Table 1 . List of the species of archaebacteria from which DNAs and RNAs (+) were obtained, their sources and culture conditions, and the buffers and lysis procedures used in the preparation of nucleic acids A fast and relatively simple procedure for the determination o f phylogenetic distances, based on cross hybridization of labelled 16S rRNAs with filter b o u n d DNAs has been described by De Ley and De Smedt (1975) .
In this paper a phylogenetic tree o f the archaebacteria containing all above m e n t i o n e d novel genera is derived from cross hybridization data. On this basis the taxon o m i c positions o f the three novel sulfur respiring types o f thermophiles and the three new methanogens have been elucidated. The significance of the differences o f this tree from that based on comparative cataloging data shall be discussed.
Materials and Methods

Organisms
The strain designations, culture collection designations and/or sources of all organisms, from which DNAs and 16S rRNAs have been prepared, and the media used for mass cultures are listed in Table 1 .
Preparation of DiVAs
5 to 10 g of bacterial mass (wet weight) were suspended in 25 to 50 ml of the buffers listed in column 5 of Table 1 and lysed as indicated there. TA buffer is 0,05M tris HC1, 0.01M EDTA; 0.01M fl mercaptoethanol, 0.022M NH4C1 pH 7.5.
The DNA was prepared from the crude extracts by a phenol procedure as described previously (Zillig et al. 1980) . All DNAs were banded by CsCI equilibrium gradient centrlfugation.
Preparation of 16S rRNAs
For the preparation of 32p labelled 16S rRNAs, 20 to 160 ml cultures of the 8 organisms marked with a star in column 1 of Table 1 were grown in the media listed in column 3 of Table 1 except that normal yeast extract was replaced by low phosphate yeast extract containing 20 nmoles phosphate per g. The latter was prepared by precipitation of phosphate with a slight excess of magnesium sulfate at pH 10.5. Ifre_q~ed the final phosphate concentration was adjusted to 2xl0"JM by addition of free phosphate. 25 /~C per ml of carrier free orthophosphate (New England Nuclear or Amersham Buchler, Braunschweig) were added after inoculation of the medium. Ceils were harvested in the late exponential or the stationary phase of growth about 2 to 3 days after inoculation by 15 minutes centrffugation at 5000 cpm in a Heraeus-Christ minifuge and washed once with the buffers listed in column 4 of Table 1 . They were suspended in 1-2 ml of the buffers listed in column 5 of Table 1 and lysed as listed there. The lysates were shaken with 1 volume of phenol for 3 minutes. Then, 1 volume of chloroform was added, the mixtures were shaken for another 3 minutes and centrifuged for 5 minutes as above. The aqueous phases were reextracted twice with 2 volumes of chloroform. After addition of 10 /zg per ml of yeast sRNA (Boehringer) and 0.3M sodium acetate (final concentration) the nucleic acids were precipitated with 2 volumes of ethanol. After 16 hours at -20°C, they were pelleted in 30 minutes as above, washed once with cold absolute ethanol, dried and dissolved in water. They were separated by a modification of the acidic urea agaxose gel electrophoresis procedure described by Rosen et al. (1975) and visualized by autoradiography. The 16S rRNA bands were excised and eluted electrophoretically as described by Goldfarb and Daniel (1981) . The 16S rRNAs were precipitated from the eluates and then washed and dried as described above for the total nucleic acids. They were dissolved in 5xSSC containing 25% formamide.
Hy bridisation
Hybridisations to 1 to 6 nitro-cellulose filters of 0.6 cm diameter carrying 2 to 9 t~g each of the different DNAs were performed in 200 #1 aliquots of 5xSSC containing 25% formamide and 166000 cpm corresponding to 60 /zg of RNA per filter in 1 ml Eppendorf tubes for 16 hours at 60°C. In the case of hybridisation of Thermoplasma DNA with Thermoplasma rRNA this was found to be a saturating amount of RNA. The supernatant was then removed by centrifugation through holes pinched into the bottoms of the tubes. The filters were washed twice with 0.5 ml each of 5xSSC and then subjected to digestion in 0.5 ml each of a solution of 10/zg RNAase A (Worthington) and 50 units RNAase T1 (Worthington) per ml 5xSSC for 45 minutes at 37°C, and finally washed 2 times with 0.5 ml each of 5xSSC. The digestion was repeated. The filters were suspended in 0.3 ml 5xSSC containing 25% formamide. The filter bound radioactivity was determined as Cerenkov counts. It ranged between more than 70000 and a few hundred cpm.
The filters in 0.3 ml 5xSSC and 25% formamide were then heated successively to 65, 70, 75, 80, 85, 90 and 95°C for 15 minutes each. After each heating period, the buffer was replaced and the residual filter bound radioactivity was determined as Cerenkov counts.
Finally, the filter bound DNA was determined as described by Burton (1968) .
Results
32p labelled 16S rRNAs from members of 7 known or presumed orders o f the archaebacterial urkingdom were hybridized with 14 different DNAs from archaebacteria, of which 6 were from the species o f undetermined taxonomic position mentioned in the introduction. Two sets of data were determined, namely A) the cpm per /.tg of D N A hybridized in RNAase stable form at 6 0°C in 5xSSC containing 25% formamide and B) the temperature stability curves for all hybrids ( Table 2) . The data o f set A which have been obtained in R N A excess, depend b o t h on genome size and on the number o f r R N A genes per genome. Without further information, it is not possible to determine both parameters separately. However, expression of the data as fractions of the yields o f the hybridizations with the homologuous DNAs, which are taken to be 1, related all values to each other and standardized them for the number o f 16S r R N A genes (Table 3 ).
In the case o f hybridizations with DNAs for which homologuous RNAs were not available, correction factors were determined empirically. The basis is the observation that the yield ratios of hybrids containing DNAs of different members o f one order appear rather constant independent o f the R N A probe as long as this is from a different order. Table 3 as described in Materials and Methods.
From the melting curves obtained from set B of the data temperatures of 50% stability of all hybrids, termed TMs, were determined. To relate them to each other, the spans between the temperature of hybridization, 60°C, and the TMs of the homologuous pairings were taken to be 1 and the TMs of other hybrids containing the same RNA were expressed as fractions thereof. The figures obtained in this way, termed fractional stabilities (see Table 3 ) could be used in the same manner as the fractional yields or for example SAB values (Fox et al. 1977 ) for measuring distances between the species from which RNA and DNA had been obtained, thus allowing the construction of a dendrogram. It should, however, be pointed out that a linear relationship between the fractional stability and the phylogenetic distance or perturbation of homology cannot be assumed so that such a dendrogram expresses the order, but not the magnitudes of taxonomic relations.
None of the RNA probes representing different divisions of the archaebacterial kingdom yielded a stable hybrid with DNAs from E.coli, Saccharomyces cerevisiae and calf thymus.
The fractional yields listed in Table 3 The yield data could thus only be used as additional evidence for close relation and the quantitative evaluation was confined to the fractional stabilities. As the fractional yields, within a given RNA series, these agree closely for related or probably related organisms. As those, in a given RNA series, they are highest for the DNAs of organisms closely or probably closely related to the RNA donor. But, in addition, they are similar in reciprocal pairings.
Because intra order distances were normally measured in but one direction (with one RNA), the fractional stabilities of pairings of close relatives were immediately used as intra order branching levels.
Since the distances between different members of one order and different members of another order are very similar to each other (Table 3) , inter order distances were determined by averaging all measured distances between members of the different orders including values for reciprocal pairings. The sequence of branching levels in constructing a dendrogram including all species studied, was determined by proceeding in the direction of decreasing relationship and averaging corresponding distances.
The significance of all intraorder branchings and of some interorder ramifications like those between the Methanococcales, the Methanobacteriales and the Methanomicrobiales, and that between the Thermoproteales and the order represented by Sulfolobus is strengthened by the fractional yield data. In addition, close correlations within groups are evident in all but the homologuous RNA series from the small divergence of both the fractional yields and the fractional stabilities of the hybrids containing DNAs of different members of a group.
The affiliation of a species to an order can just the reverse be immediately recognized in the corresponding RNA series from the deviation of the respective fractional yields and fractional stabilities from those measured in that series for members of all other orders. Furthermore, both values are considerably higher than those appertaining other organisms, and may approach 1.
SN1 appears so close to Methanococcus voltae
that it can be assumed to belong to the same genus.
The distance of M3 to Methanogenium and Methanosarcina indicates that it represents at least another genus, if not another family of the order Methanomicrobiales. The distances between the different members of the order Thermoproteales is in the same range.
We therefore consider them different families within this order. Desulfurococcus is less closely related to Therrnoproteus than the stiff filaments.
Discussion
The method applied here for the determination of the taxonomic positions of several novel species of archaebacteria has been developed by De Ley and De Smedt (1975) . They have already pointed out that only the stabilities and not the yields of hybrids furnish reliable information for the determination of taxonomic relations. This is also clear from our data (Table 2) , especially from the strong drop of the fractional yields with increasing phylogenetic distance and from the striking differences of reciprocal values. These observations could be explained by assuming that during hybridization, an equilibrium between hybridized RNA and free RNA with native secondary and tertiary structure is established which, among other parameters, depends on the stability of the secondary and tertiary structure of the particular rRNA in relation to that of the hybrid. The following formulation, in which ts means tertiary structure intact, ss means no tertiary structure, explains this model: RNAts + DNA ~ RNAss + DNA S RNAss -DNA. Many of the rRNAs used in these hybridization experiments, as for example those from the highly thermophilic organisms Thermoproteus and Sulfolobus, should have quite stable tertiary structures under hybridization conditions. These show the described behaviour markedly. On the other hand, the fractional yields of hybrids containing the rRNA of Halobacterium, an organism growing around 40°C
and with a DNA of high GC content, are in the same range as the corresponding fractional stabilities.
It must be emphasized that because of the lack of relevant theoretical background, the treatment of the data is entirely empirical. The approach used especially the normalisation to the span between the hybridization temperature and the TMs of the homologuous hybridization accounts for the large differences between the TMs of different homologuous pairings and allows to treat the data like SAB values.
Dendrograms have been constructed as well with weighted information as from all data available. The differences are small. The essential conclusions remain the same.
The appointment of species of unknown taxonomic position to orders on the basis of hybridization experiments is particularly significant because their intraorder hybrids have always a high fractional stability, are always obtained in high fractional yields and are related to different hybridization probes by yield and stability data very close to those of other members of that order.
The division of the urkingdom of the archaebacteria into two different branches, that of the methanogens and that of the thermoacidophiles, follows clearly from our data. The order of association, and even the association itself, of the extreme halophiles and particularly of Thermoplasma with the branch of the methanogens is less significant. Thermoplasma has a rather low relation with members of both branches and might thus even represent a third branch between the others.
In contrast to their position in the tree obtained by comparative cataloging of 16S RNA (Fox et al. 1980) , in the dendrogram derived from the hybridiza-tion data the extreme halophiles appear as an order by themselves. Also, the Methanococcales and the Methanobacteriales appear to be closer to each other than either of them to the Methanomicrobiales. Such differences between dendrograms obtained in different ways ought to be expected, especially since the SAB method confines itself to the consideration of identities, though in a lucid way, whereas cross hybridization measures similarities as long as they suffice for hybridization. Though the division of orders or groups of similarly large distance follows from both dendrograms, the safe derivation of an evolutionary from a "taxonomic" tree has to await a more extensive comparison of archaebacteria. This is also indicated by the finding that in a tree based on 5S RNA sequence, the halophiles are closer to the Methanococcales than to Methanobacterium (G.E.
Fox, personal communication).
Differences between the dendrograms derived from SABS and from hybridization experiments might also result from the treatment of the data. The fractional stabilities of inter-species hybrids depend on the degree of homology, supposedly proportional to phylogenetic relation, in an unknown, probably non-linear manner. Thus, the dendrogram of these values requires conversion to a tree of taxonomic distance after understanding of this relationship.
Intraorder distances appear too large in comparison with those between different orders which seem to approach an upper limit. This notion is in line with the observation that all fractional stabilities of hybrids of different DNAs or RNAs of one order with different RNAs or DNAs of another order are very close to each other though the fractional stabilities within the orders can be almost as small as those of interorder hybrids.
The establishment of a novel order, the Thermoproteales, specifically related to the order represented by Sulfolobus and forming a recognizable thermoacidophilic branch with it, is in line with observations on the component patterns of DNA dependent RNA polymerases (Zillig and Stetter 1980; Zillig et al. 1981c rRNA cataloging (E. Stackebrandt, personal communication) which led to consider it as representative of a novel family of the Methanobacteriales. This could result from a high stability of the homologuous annealing product of this extremely thermophilic species. The given fractional stabilities could then appear too low because they were calculated with the relatively low TM of the auto annealing product of Methanobacterium.
For the purpose of this paper, the stability data were treated in a rather summary way. Different melting curves have however different slopes and shapes. Some are concave, some convex. Some, for example those of the hybrids between Sulfolobus rRNA and the DNAs of the three Thermoproteales, have two points of inflection (not shown), possibly indicating domains of differing conservatively, e.g. differing relation with the donor of the hybridization probe. A more detailed analysis of such observations could possibly help to specify the nature of the relations between different archaebacteria.
